have considered this aspect in some detail for the analysis of vitamins. Accepted manual methods often do not correlate well with automatic analysis primarily because the operating conditions employed in a manual analysis lack the control of the automatic systems. The other significant problem is that components used in commercial instruments or which are readily available are not sufficiently inert to handle corrosive materials often required for an automated procedure. In the automated digestion system described by Jackson et al [ 16] , where concentrated nitric and sulphuric acid are used to destroy the organic matrix of foodstuffs prior to trace metal analysis several components had to be re-designed and developed inhouse [17] [18] [19] . In addition, a unique displacement pumping arrangement was devised to introduce a slurry of partially digested food quantitatively into the spinning digestor helix. As with the work of Roy 15] with vitamins an in depth appreciation of the reactions involved was also essential to complete the programme of work and to obtain meaningful results. This paper has centred on the problems of automation in the area of industrial analytical chemistry, however, it is clear that whilst being a multidisciplinary subject, automatic chemistry also transcends disciplinary boundaries. There seems considerable merit therefore in the cross fertilisation of ideas and concepts between the clinical chemists, the process control chemist and the industrial chemist. Such transfer of ideas and evolvement of an acceptable philosophy can on!y be of benefit to all concerned, and will assist the development of unified philosophies of automatic analysis. 
David L. Krottinger ON several of our automated analytical systems I, 2, 3] we have need for a device that can either operate as a precise dispenser/diluter of discrete quantities of solution or can be used to pipet automatically both a sample solution and a reagent and efficiently mix them as the sample-reagent solution is rapidly and efficiently mix them as the sample-reagent solution is rapidly delivered into a measurement cell. Although there are commercial systems on the market, none have the combination of high-speed refill/delivery/mixing, modest cost, and automated features that we require. Consequently, we have developed a portable stand-alone unit that refills, delivers and mixes solutions in ways quite similar to some stopped-flow instruments. Experience with this type of automated unit for more than one year has provided ample data to demonstrate its general utility and reliability for the analytical laboratory. Therefore, we present here the details of the unit, which constructed primarily from commercially-available parts, and also some test results to indicate its performance characteristics. Address correspondence to this author.
Instrumentation
The design of the dual pipetter/mixer or dispenser/diluter is based on the principles illustrated in Figure 1 . Pneumaticallyoperated syringes together with pneumatically-actuated, 3-way KEL-F valves enable the syringes to be filled and the solutions to be delivered by electronic control.signals, and an X-Y mixer in the delivery channel to the measurement cell provides the mixing of the two solutions.
The completely assembled unit is shown in Figure 2 , and the partially-assembled unit showing the framework for mounting the syringes and valves and drive system is shown in Figure 3 .
An exploded view of the unit illustrating the interconnections of each of the components is shown in Figure 4 with the components that were used in the construction listed in Table 1 The bodies of the valves were used as provided by the manufacturer with the sliders modified for our needs. It was desired for our applications that the solutions be aliquoted through the top of the valves and into the syringes and that the delivery step take place by passing the solution straight through the valve into the X-Y mixer. To facilitate this, the delivery position of the commercial KEL-F sliders must be modified as shown in Figure 5A . This was achieved by plugging the vertical channel in the delivery position and extending the horizontal channel completely through the slider. The fill position of the sliders was used as provided by the manufacturer.
The dual 3-way valves are controlled by positioning the slider with a pneumatic actuator and a spring return. In the deactivated state of the pneumatic actuator, the spring return positions the sliders such that the syringes are connected to the solution reservoirs. The syringes are connected with the X-Y mixer in Figure 4 by application of 75 psi to the pneumatic actuator, thereby compressing the spring and moving the slider to the deliver position. A subminiature solenoid valve (Angar Scientific Corp., East Hanover, New Jersey 07936) controls the supply of compressed air. A small screw is added to the spring return to encode the position of the slider. When the sliders are in the deliver position, the screw mounted on the valve interrupts the light emitting diode signal to the phototransistor in the optical interrupter as shown in Figure 6 . This technique allows for feedback in the control circuitry to ensure that delivery of the aliquoted solutions does not begin until the pneumatic actuator has moved the sliders into the delivery position. 
Syringes and holders
A variety of commercial syringes were evaluated to determine which would require the least maintenance. The most viable candidates were found to be the Glenco gas/liquid syringe series. The plunger tip consists of a TFE piece under constant tension from an internal silicone rubber core to reduce the frequency of leaks.
The syringe assembly is constructed as shown in Figures 4 and 5B to provide a secure mount. The Glenco syringe barrels are modified by cutting and polishing the ends as shown in Figure 5B . Care must be taken to ensure that the cut is perpendicular to the syringe barrel. The Unimetrics TFE inserts are pressed into the front end of the syringe barrel to provide a leak-free seal. This syringe barrel is then placed into the aluminum holder.
The holder is made from a %" diameter aluminum rod which has been bored to within 1/4" of the end of the rod to accept the 11 32" diameter syringe barrel. After a syringe barrel has been inserted, the syringe stop is screwed into the back end of the holder, which is tapped to accept "-24 threads. A one-inch piece of 1/4"-28 threaded KEL-F rod is screwed into the front end of the holder, tightly against the TFE insert in the syringe barrel to eliminate leakage. Each syringe assembly is screwed into the valve and the back end of the plungers .screwed into the plunger block.
Syringe drive system The two syringe assemblies are driven by a double-acting air cylinder (Mosier Industries, Inc.) with a 3A inch bore and a 2 1/2 inch stroke. The cylinder is controlled by two subminiature solenoid valves as used with the pneumatic actuator. The air cylinder movement is coupled to the syringe plungers by the plunger block which provides for simultaneous movement of both syringes during the filling and dispensing processes. The length of the stroke of the air cylinder may be varied by the use of a mechanical stop to adjust the volume delivered by the unit for various applications.
The pneumatic type of driving system was chosen because of its flexibility and size compared to spring loaded or motor driven mechanisms. Miniature air regulators and gauges (Walter Norris Engineering Co., Chicago, IL 60648) are used to provide 18 psi for filling of the syringes and 24 psi for delivering. the solution aliquots. The 18 psi fill pressure allows for a one second aliquot step. Higher fill pressures decrease the time required to fill the syringes, but also result in degassing of the solutions which is undesirable for high-accuracy applications. The 24 psi provides for adequate delivery pressure for efficient mixing of the solutions as they pass through the X-Y mixer. A schematic of the compressed air system is shown in Figure 7 . The 75 psi needed for the pneumatic actuator is used with the The X-Y mixing chamber shown in Figure 4 is constructed from two pieces of TFE containing an X and a Y channel for mixing of the solutions. The channel diameters in the mixer are 0.8 mm to be compatable with the valve and the interconnecting tubing used in the unit. TFE was chosen because of its inertness to caustic solutions used in some of our applications and the good seal that is formed between the interface of the two halves of the mixer when clamped together with two aluminum plates. The ports connecting the mixer and valve and the receiving vessel or measurement cuvet are constructed to accept the commercial 1/4"-28 tube end fittings which are used throughout the unit.
The X-Y configuration was chosen based on studies conducted in our laboratory that indicate that for our applications, the X-Y .mixing configuration provides good mixing of solutions and a lower dead volume than found in more involved mixing arrangements [4] . The dead volume of the mixer depends on the length of the X and Y channels which for this case resulted in a dead volume of 53,ul. Figure 6 . Encoding of valve position suitable vessel is a procedure used in most analytical labs. This step can be a major source of error if performed manually due to the multiple times that the sample must be manipulated. The unit described in this paper can perform this type of procedure rapidly and precisely providing a valuable tool for analytical chemists. To demonstrate the reliability of the unit a number of tests were run. The first evaluation of the unit as a dispenser/diluter was done to determine the precision with which solution could be aliquoted and delivered from various syringes. To do this, aliquots of water were repetitively delivered into a weighing bottle on an analytical balance with readings taken after the addition of each aliquot of solution.
Results obtained for the unit in this dispenser mode for various syringes are shown in Table 2 . The data illustrate the excellent precision with which the unit can deliver from 250ul to ml of solution.
The ability of the unit to operate as a dispenser/diluter was determined by mixing a blue dextran solution with water and measuring the resulting absorbance in a ratio-recording spectrophotometer (Model 721, GCA/McPherson, Acton, MASS 01720). This was accomplished by use of a 1-cm flow cell (Model T-72, Precision Cells, Inc., Hicksville, NY 11801) connected to the outlet of the mixer. The blue dextran solutions used for each dilution ratio were prepared so that the absorbance after dilution by the unit was approximately 0,6 when measured in the one centimeter cell at 620 nm. Five absorbance readings with a one-second measurement time for each were averaged to form the absorbance reading for one cycle of the unit. A ten-second delay after delivery of the solutions was employed to allow for any turbulence of mixing The unit was evaluated with a number of different dilution ratios as shown in Table 3 . As indicated in the data, this unit serves as a precise means of aliquoting samples and mixing them with a suitable diluent. The precision of the absorbance readings was equivalent to those obtained with no cycling of the unit between ten successive sets of five absorbance readings indicating that the spectrophotometric measurement was the limiting factor in the obtainable precision.
Duel pipetter/mixer
In many analytical techniques it is necessary to obtain aliquots of a sample and a suitable reagent, mix the two, and transfer the mixed solutions to an observation cell or to a receiving vessel for subsequent sample-handling procedures. For example, in some procedures, reagents used for an analytical procedure are unstable as a composite reagent and must be added sequentially to the sample to perform the determination. The unit shown in Figure 2 has a number of desirable features which we have found make it useful for applications that require a dual pipetter/mixer. The unit is versatile in that the syringe assembly described earlier allows for rapid changing of the syringes enabling the use of a wide range of volumes depending on the particular application. The unit also performs the aliquoting, mixing, and transfer operations of the sample and reagent in about two seconds. This enables the rapid changeover from one sample to another. After one sample has been mixed with the reagent and transferred to a suitable vessel, the unit must be purged of the present sample and the next sample prepared. This is done by flushing the next sample through the unit until the previous sample has been removed. The number of cycles and the time required to perform this changeover of samples is dependent on 1) the syringe volume, 2) the length of tubing between the valve and the solution reservoir, 3) the length of tubing between the valve and the mixer, and 4) the length of tubing between the mixer and the measurement cuvet.
Changeover data for one of-our applications in which a 1000,u! syringe and a 250,ul syringe were used to deliver the solution volumes are shown in Figure 9 . In this.application the sample Figure 8 . Figure 9 . Changeover data for dual pipetter/mixer being aliquoted by the 250,ul syringe. The absorbance readings for each fill and deliver cycle of the.unit are obtained at 620 nm as described earlier. As noted in Figure 9 , the unit requires for this configuration only 5 cycles and thus 10 seconds to completely change from one sample to another using these syringes. This number of cycles can be further decreased in applications in which the unit is to operate as a dedicated instrument by decreasing the length of the tubing connecting the different components of the unit or increasing the sample syringe volume. The dual pipetter! mixer has been used for several months in our laboratory in a phosphorus determination for grain and feed samples which have undergone a Kjeldahl digestion. The automated spectrophotometric system [1] used for this determination allows the addition of only one reagent solution to the sample. The reaction-rate methodology used in the phosphorus determination requires the addition of two reagents, a molybdenum solution and an ascorbic acid solution, to form the phosphomolybdenum product which is monitored by the analyzer. As a result of the. unstable nature of a single molybdenum-ascorbic acid reagent, the ascorbic acid reagent is first aliquoted and mixed with the sample by the pipetter/mixer and the resulting prepared sample transferred to a programmable turntable of the automated spectrophotometric system at which point the molybdenum reagent is added to the sampleascorbic acid mixture. Determinations performed by the automated system on 10 samples prepared by the dual pipetter! mixer from a single digestion demonstrate a precision of 0.3% RSD. This same precision is obtained for repetitive determinations by the automated system on one prepared sample thus indicating that the spectrophotometric determination is again the limiting factor in the obtainable precision.
This type of portable pipetter/mixer and dispenser/diluter has provided excellent precision for several applications in our lab over the past year. It has been automated to provide reliable operation as a module in our automated systems and is versatile in the type of applications it can be used for. It also has been used for manual push-button pipetting, diluting and dispensing.
